Introduction {#Sec1}
============

The phenotype of a plant is influenced by a number of factors that can act either on their own or in concert. Efficient resource capture, utilisation and allocation into growth, maintenance, storage or defence are essential functional traits, which determine the growth and fitness of plants and are prone to trade-offs (Matyssek et al. [@CR19]). Plant secondary metabolites often increase in concentration due to herbivory or pathogen attack, and this can be measured in both local and systemic tissue (Karban and Baldwin [@CR14]; Bezemer and van Dam [@CR4]). Such induced defence is thought to be cost efficient and therefore evolutionary beneficial for the plant, since resources are allocated into the production of defence compounds only in the case of damage (Cipollini et al. [@CR8]; Zangerl [@CR43]). Induced responses of plants, including changes in expression of defensive traits, have been studied intensively in the context of insect herbivory on aerial parts of plants (Bartlet et al. [@CR2]; Pontoppidan et al. [@CR24]; Martin and Müller [@CR18]). In contrast, the role of belowground animal--plant interactions for the induction of plant responses in aboveground tissue has attracted only little attention (but see van der Putten et al. [@CR35]; Bezemer and van Dam [@CR4]). This is surprising since roots are attacked by a variety of species, which can induce local or systemic plant responses including defence traits (Bezemer et al. [@CR5]; Wurst et al. [@CR40]; Bezemer and van Dam [@CR4]). In addition to herbivores, recent evidence suggests that the production of plant secondary metabolites may also be modified by decomposer invertebrates (Wurst et al. [@CR40], [@CR41]), adding to the complexity of factors affecting the allocation of plant resources to herbivore defence.

Soil animals affect plant physiology and chemistry by a number of mechanisms. They fundamentally alter plant performance by changing plant nutrition and thereby likely affect the nutritional value of plants for herbivores. Decomposers recycle plant material, stimulate microbial mineralisation processes and increase the accessibility of nutrients for plants (Scheu et al. [@CR29]). Indeed, in the presence of decomposer invertebrates the growth of shoots and roots, as well as the concentration of nitrogen in shoots, can be increased (Wurst and Jones [@CR39]; Wurst et al. [@CR41]), with the consequence that plants in turn may become more attractive to herbivores (Scheu et al. [@CR28]; Poveda et al. [@CR25]). Phytophagous nematodes, on the other hand, are exceptional pathogens of numerous plant species and cause dramatic changes in morphology and physiology by reducing the water and nutrient uptake of their hosts (Lambert and Bekal [@CR16]). These changes in the nutritional status of the plant may also impact plant defence levels due to changes in resource distribution and allocation.

Rhizosphere animals interact not only with plants but are imbedded in a complex food web, and food web interactions likely modify the effects of individual taxa on plant performance. For example, root herbivores may be controlled by predators, as documented for root-feeding moth larvae being killed by entomopathogenic nematodes (Preisser and Strong [@CR26]). Root herbivores, however, may be killed not only by predators but also by "decomposers". In fact, one of the most prominent root herbivores, root-feeding (and other) nematodes, have been shown to be effectively digested by earthworms (Yeates [@CR42]; Ilieva-Makulec and Makulek [@CR13]; Waghorn et al. [@CR37]). Further, the effects of root herbivores on plant performance may also be modulated indirectly, e.g. by a decomposer-mediated increase in nutrient availability (Blouin et al. [@CR6]).

Brassicaceae have been used as model plant family to study the effects on induction of plant responses including defence traits, as they are characterised by the presence of a rather specific inducible defence system (Wurst et al. [@CR41]; Martin and Müller [@CR18]). Species of this family contain glucosinolates, which consist of a thioglucoside moiety linked to a variety of amino acid-derived side chains (Halkier and Gershenzon [@CR9]). Separated from the substrate, the enzyme myrosinase, a β-thioglucosidase, is stored in idioblasts. Upon tissue disruption, myrosinases catalyse the formation of glucosinolates into various hydrolysis products, including isothiocyanates, nitriles- and epithionitriles. These compounds are involved in efficient defence by decreasing the performance of herbivores and pathogens to the benefit of the plant (Wittstock et al. [@CR38]). In contrast, glucosinolates and their hydrolysis products attract specialists able to circumvent the glucosinolate-myrosinase system (Li et al. [@CR17]; Müller and Wittstock [@CR22]). For example, glucosinolates and myrosinase activities were shown to increase in *Sinapis alba* L. due to herbivory of specialist sawflies and mechanical damage, whereas generalist feeding induced glucosinolate concentrations only without affecting enzyme activities (Travers-Martin and Müller [@CR30]). However, no long-term effects on plant growth were visible between herbivore-treated and control plants (Travers-Martin and Müller [@CR31]). The effects of soil organisms on Brassicaceae have been studied only with regard to induction of glucosinolates, nothing is known of changes in myrosinase activities. Generally, information on the effects of decomposer--pathogen interactions on plant defence is lacking.

We investigated the influence of decomposers and plant pathogens acting either alone or in concert on the defence and development of white mustard, *Sinapis alba*. Decomposers were represented by the endogeic earthworm species *Aporrectodea caliginosa* (Savigny), and plant pathogens by two parasitic plant nematodes, *Meloidogyne incognita* (Kofoid & White) and *Pratylenchus penetrans* (Cobb). Although there is some evidence that earthworms may also feed on roots (Baylis et al. [@CR3]), recent evidence suggests that endogeic species in fact live on old carbon in soil and function as decomposers (Albers et al. [@CR1]; Hyodo et al. [@CR12]). By using two functionally different nematode species, we investigated if *M. incognita*, a sedentary root-knot nematode, influences plant development differently to *P. penetrans*, a migratory lesion-nematode. In contrast to the former, the latter species causes extensive root damage and thereby may provide additional food for decomposers. Earthworms were included to investigate whether they counteract the detrimental effects on plant growth by digesting nematodes and/or by improving plant nutrition. We expected that earthworms would, in particular, reduce the negative effects of the migratory nematode *P. penetrans* as additional nutrients provided by the nematodes to the earthworms, and thus to the plants, may allow the latter to compensate for root damage. Furthermore, we intended to prove if next-to-belowground herbivores, including decomposers such as earthworms, induce the production of putative plant defence compounds in aboveground plant compartments due to changes in plant nutritional levels, thereby changing the disposition of plants for being attacked by aboveground herbivores.

Materials and methods {#Sec2}
=====================

Experimental set-up {#Sec3}
-------------------

Experimental containers (microcosms) consisted of PVC tubes (25 cm height, 10 cm diameter) closed at the bottom by lids. The microcosms were equipped with ceramic cup lysimeters to allow drainage. A pump maintained a vacuum of −200 to −500 hPa to drain the soil via a hose system. A total of 60 microcosms were set up in a greenhouse (16 h light, 20°C, 70% relative humidity). The microcosms were filled with 1,500 g soil (fresh weight). The soil (0.074% nitrogen; 0.7% carbon; C/N ratio 9.5) was taken from an arable field close to Darmstadt (Germany); it was sieved through a 1 cm mesh for homogenisation and to exclude animals and larger plant residues. The soil was defaunated by freezing at −60°C for 24 h, thawing for 24 h at room temperature, followed again by 24 h freezing at −60°C. Deep freezing effectively kills most soil invertebrates with minimum damage to microorganisms (Bruckner et al. [@CR7]).

Seeds of *S. alba* var. Silenda (Kiepenkerl, Norken, Germany) were sown in seedling trays containing unfertilised soil (potting medium) and placed in the greenhouse (16 h light, 20°C, 70% relative humidity). Eight days later seedlings with 1--2 true leaves (next to the cotyledons) were transferred to individual microcosms. Microcosms were redistributed randomly within the greenhouse twice a week and watered with 25 ml distilled water daily.

The experiment was set up in a two factorial design. Factors were nematodes \[without (−N), with migratory species (+Nm), with sedentary species (+Ns)\] and earthworms \[without (−E) and with (+E)\]. Ten replicates were set up per treatment. On day 9 of the experiment (plants with about 1--2 true leaves), two individuals of the endogeic earthworm species *Aporrectodea caliginosa* (1.1 ± 0.03 g fresh weight, full guts) were placed in half of the microcosms. The earthworms had been sampled on an arable field near Jena (Thüringen, Germany) and kept in a climate chamber at 5°C in defaunated soil for at least 1 week before the start of the experiment. The nematodes, *Pratylenchus penetrans* (provided by HZPC Holland BV, The Netherlands) and *Meloidogyne incognita* (provided by the BBA, Institute for Nematology and Vertebrate Research, Münster, Germany) were cultured on root tissue of *Solanum lycopersicum*. On day 15 of the experiment, when plants had developed about four leaves and a substantial root mass, 6 ml of a suspension with approximately 7,800 juveniles of *P. penetrans* (Nm) was added to the respective treatments; the next day 9,000 juveniles of *M. incognita* (Ns) were added. Time constraints did not allow adding of both nematode species on the same day.

Sampling and analyses {#Sec4}
---------------------

In order to be able to measure effects of nematodes with and without earthworms on plant performance, interactions were allowed to become established for over 2 weeks. On day 31 of the experiment, if possible, the oldest and the fourth youngest leaf (otherwise the next older or younger leaf) of each plant was harvested. The leaves were cut longitudinally, weighed, frozen in liquid nitrogen and stored at −60°C for later analyses. This allowed both glucosinolate and myrosinase levels from the same leaf to be analysed (see below). Plant height was then measured and the plants cut at ground level, weighed and dried for 48 h at 50°C. Roots were separated from soil by washing and, while washing, earthworms were collected, counted and weighed. Roots were weighed, one half preserved in 4 % formalin and the other dried for 48 h at 50°C.

Small preserved root samples were stained with acid fuchsine and examined for nematode infection using a dissecting microscope (three replicates only). Root length was measured using WinRHIZO (version 2004c, Regent Instruments, Québec, Canada). Dried roots and shoots were ground to a powder and approximately 2 mg was weighed into tin capsules. Nitrogen and carbon content was measured by an elemental analyser (Carlo Erba EA 1108, Milan, Italy). Acetanilide (C~8~H~9~NO, Merck, Darmstadt, Germany) served as an internal standard.

Analysis of glucosinolates {#Sec5}
--------------------------

The frozen samples of young and old leaves were freeze-dried, weighed and ground to a powder in a mill (Type MM301; Retsch, Haan, Germany). Glucosinolates were extracted in 80% methanol as described in detail in Martin and Müller ([@CR18]), adding allyl glucosinolate (Merck, Darmstadt, Germany) as internal standard. Briefly, glucosinolates were converted to desulfoglucosinolates and analysed by HPLC analysis on a 1100 Series chromatograph (Hewlett-Packard, Waldbronn, Germany). Elution was accomplished on a Supelco C-18 column (Supelcosil LC-18, 250 × 4.6 mm, 5 μm, Supelco, Bellefonte, PA) with a gradient (solvent A, water; solvent B, methanol) of 0--5% B (10 min), 5--38% B (24 min), followed by a cleaning cycle. Peaks were quantified by the peak area at 229 nm (bandwidth 4 nm) relative to the area of the internal standard peak, applying the response factors used by Martin and Müller ([@CR18]). Desulfoglucosinolates were identified by comparison of retention times and UV spectra with those of purified standards.

Analysis of myrosinase activity {#Sec6}
-------------------------------

Myrosinase extraction followed a protocol described previously (Müller and Sieling [@CR21]; Travers-Martin et al. [@CR32]). Frozen samples of young leaves were ground to a powder in a mill, extracted three times in 500 μl extraction buffer (200 mM Tris, 10 mM EDTA, pH 5.5) on ice, and centrifuged at 10,000 *g* for 10 min at 4°C. Internal glucosinolates were eliminated from supernatants by use of 400 μl Sephadex A-25-columns (0.1 g DEAE Sephadex A25 welled in 2 ml 0.5 M acetic acid buffer, pH 5; Sigma Aldrich, St. Louis, MO). Dry pellets were dissolved in the corresponding filtered extract solution. For determination of the combined activity of soluble and insoluble myrosinases, 150 μl of each suspension was added to four individual cells on a 96-cell microplate. In two cells, 25 μl 1.9 mM *p*-OH-benzyl-glucosinolate/phosphate buffer was added as substrate, in the other two cells, 25 μl phosphate buffer was added as background control. Released glucose was measured by addition of 50 μl freshly mixed colour reagent, including glucose oxidase, peroxidase, 4-aminoantipyrine, and phenol. Glucose release was determined by measuring the absorbance at 490 nm on a Multiskan EX (Thermo Labsystems, Vantaa, Finland) for 90 min (one measurement every 2nd minute, shaking mode between measurements) at room temperature (22--24°C). Means of the two replicate measurements were calculated after subtraction of the mean of the background control. A glucose standard curve was included in each assay. The resulting enzyme kinetics were analysed for a linear range of enzyme activity and a time-frame of at least ten time points was used to determine enzyme activity.

Statistical analysis {#Sec7}
--------------------

Data were analysed by two factor analysis of variance (ANOVA) or, if necessary due to missing values, by general linear models (GLM). Factors were nematodes (three levels) and earthworms (two levels; see above). Some earthworms died or escaped during the experiment; microcosms of earthworm treatments in which none or only one of the two specimens survived until the end of the experiment were excluded from the analysis. Differences between means were analysed using Tukey's honestly significance difference tests (HSD) at *P* \< 0.05. Before analysing individual glucosinolates, the full complement of glucosinolates was analysed by repeated measures ANOVA (rmANOVA). If necessary, data were log (*x* + 1) transformed to improve homogeneity of variances.

Results {#Sec8}
=======

Earthworms {#Sec9}
----------

Overall, 67% of the earthworms survived until the end of the experiment. The biomass of the surviving earthworms (with full guts) was generally increased, but the increase was more pronounced in the presence of nematodes (*F*~\[2,19\]~ = 4.72, *P* = 0.02), and the effect varied between nematode species. In the presence of *P. penetrans*, earthworm biomass increased on average by 39%, whereas in the presence of *M. incognita* and in the absence of nematodes it increased by only 29 and 30%, respectively.

Nematodes {#Sec10}
---------

Nematodes successfully established in the microcosms and infested the plants. Infestation with *P. penetrans* (817 ± 302 ind./g root fresh weight, mean ± SD) was stronger than that with *M. incognita* (214 ± 80 ind./g root fresh weight); infestation in the treatments with earthworms were similar to those without (883 ± 540 and 342 ± 58 ind./g root fresh weight, for *P. penetrans* and *M. incognita*, respectively).

Plant biomass {#Sec11}
-------------

Shoot length was affected neither by earthworms (*F*~\[1,54\]~ = 0.19, *P* = 0.66) nor by nematode infestation (*F*~\[2,54\]~ = 2.00, *P* = 0.14). Furthermore, total plant biomass (*F*~\[1,54\]~ = 0.19, *P* = 0.66), root biomass (*F*~\[1,54\]~ \< 0.01, *P* = 0.98) and shoot biomass (*F*~\[1,54\]~ = 0.60, *P* = 0.44, Fig. [1](#Fig1){ref-type="fig"}a) were not affected by earthworms. However, nematode infestation significantly reduced shoot biomass but only in the absence of earthworms (on average −38%; *F*~\[2,54\]~ = 3.53, *P* = 0.036 for the nematode × earthworm interaction; Fig. [1](#Fig1){ref-type="fig"}a). In the presence of nematodes and earthworms, root biomass was slightly, but not significantly, increased (*F*~\[2,54\]~ = 1.59; *P* = 0.21). Thus, total plant biomass remained unaffected (*F*~\[2,54\]~ = 0.42, *P* = 0.66). In contrast, in the presence of earthworms, nematode infestation did not affect plant biomass, suggesting that earthworms counteracted the negative effect of nematodes.Fig. 1Effects of earthworms (*Aporrectodea caliginosa*;*E*) and nematode infestation \[*Pratylenchus penetrans* (*Nm*) and *Meloidogyne incognita* (*Ns*)\] on (**a**) shoot biomass and (**b**) root length of *Sinapis alba*. Significant differences are marked with different letters, *P* \< 0.05; Tukey's honestly significant difference (HSD),*C* control treatment. Means + SE; *N* = 9

Root morphology {#Sec12}
---------------

Root length was significantly affected by nematode infestation but the effect depended on the presence of earthworms. If earthworms were present, nematodes led to a root length increased on average by 24% (*F*~\[2,49\]~ = 5.22, *P* = 0.008 for the nematode × earthworm interaction; Fig. [1](#Fig1){ref-type="fig"}b). In contrast, the presence of earthworms alone reduced root length compared to control plants. Similar results were obtained for root surface area (data not shown).

Nitrogen concentration and C/N-ratios {#Sec13}
-------------------------------------

Nitrogen concentration in shoots varied between 1.2 and 1.5%. It was significantly affected by nematode infestation but the effect depended on earthworms (*F*~\[2,54\]~ = 4.31, *P* = 0.018 for the nematode × earthworm interaction). If earthworms were absent, *P. penetrans*, and in particular *M. incognita*, decreased shoot N concentration by 8 and 18%, respectively; in the presence of earthworms this reduction disappeared (Fig. [2](#Fig2){ref-type="fig"}a).Fig. 2Effects of earthworms (*A. caliginosa*;*E*) and nematode infestation \[*P. penetrans* (*Nm*) and *M. incognita* (*Ns*)\] on (**a**) nitrogen content in shoots, (**b**) nitrogen content in roots, (**c**) C/N-ratio in shoots and (**d**) C/N-ratio in roots of *S. alba*. Significant differences are marked with different letters, *P* \< 0.05; Tukey's honestly significant difference (HSD);*C* control treatment. Means + SE; *N* = 9

Nitrogen concentration in roots varied between 1.4 and 1.9%. It increased significantly in the presence of earthworms, on average by 18% (*F*~\[1,54\]~ = 7.67, *P* = 0.008), but remained unaffected by nematode infestation (Fig. [2](#Fig2){ref-type="fig"}b).

Earthworms (*F*~\[1,54\]~ = 4.91, *P* = 0.03) but, in particular, nematodes (*F*~\[2,54\]~ = 42.68, *P* \< 0.0001) significantly affected the C/N ratio in shoots. The C/N ratio was strongly decreased in the presence of nematodes, on average by 27% (Fig. [2](#Fig2){ref-type="fig"}c). In contrast, earthworms generally increased shoot C/N ratio by 7% thereby counteracting the effect of nematode infestation.

In contrast to shoots, root C/N ratio was not affected by nematode infestation and decreased significantly in the presence of earthworms, on average by 22% (*F*~\[1,54\]~ = 10.46, *P* = 0.002; Fig. [2](#Fig2){ref-type="fig"}d).

Glucosinolate concentration {#Sec14}
---------------------------

The major four glucosinolates in *S. alba* were identified as *p*-hydroxy-benzylglucosinolate (about 90% of total), benzylglucosinolate, 4-methoxy-indol-3-ylmethylglucosinolate and indol-3-ylmethylglucosinolate. Further, four minor aromatic and one minor aliphatic glucosinolates were detected but these were not identified further.

Earthworms significantly affected glucosinolate concentrations, with their impact differing significantly between the different glucosinolates but being unaffected by leaf age (Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"}). In young and old leaves they led to a significant increase of total (sum of all compounds, Fig. [3](#Fig3){ref-type="fig"}) and aromatic glucosinolate concentrations, on average by 43 and 44%. In contrast, the concentration of the aliphatic glucosinolate was significantly reduced, on average by 68% (Table [2](#Tab2){ref-type="table"}). Concentrations of indolic glucosinolates and benzylglucosinolate remained unaffected.Table 1Repeated measures analysis of variance (rmANOVA)SourceDF*F*-value*P*-valueBetween-subjects    E14.050.0497\*    Nem211.62\<0.0001\*    E × Nem21.620.2076Within-subjects    GS-group5705.90\<0.0001\*    GS-group × E513.35\<0.0001\*    GS-group × Nem1011.32\<0.0001\*    GS-group × E × Nem103.310.0125\*    Leaf age1201.50\<0.0001\*    Leaf age × E11.860.1787    Leaf age × Nem22.390.1022    Leaf age × E × Nem21.530.2265    GS-group × Leaf age581.72\<0.0001\*    GS-group × Leaf age × E52.740.0499\*    GS-group × Leaf age × Nem103.050.0096\*    GS-group × Leaf age × E × Nem101.420.2146Influence of *Aporrectodea caliginosa* (*E*) and Nematodes (*Nem*) *Pratylenchus penetrans* and *Meloidogyne incognita* on glucosinolate concentration in leaves of *Sinapis alba*. Between-subjects-effects (Earthworms, Nematodes) and within-subjects-effects (*1* repeated factor: glucosinolate-groups (GS-group),*2* repeated factor: leaf age) are listed, *N* = 9\* *P *\< 0.05Table 2General linear models (GLM) table of *F*-values and *P*-values on the effects of earthworms (E) and nematodes (Nem) on the glucosinolate concentrations in leaves of *S. alba* young leaves and old leaves, *N* = 9TreatmentTotal glucosinolatesAromatic glucosinolatesAliphatic glucosinolatesBenzyl glucosinolatesIndolic glucosinolates*FPFPFPFPFP*Young leaves    E4.170.0500\*4.090.0487\*8.850.0045\*2.730.10471.120.2945    Nem11.150.0001\*11.090.0001\*0.500.61212.980.05990.360.6995    E × Nem1.850.16772.030.14271.040.35990.280.75940.370.6905Old leaves    E6.860.0117\*7.980.0068\*16.510.0002\*1.380.24560.670.4172    Nem11.81\<0.0001\*13.36\<0.0001\*5.420.0075\*6.650.0028\*1.520.2299    E × Nem3.180.0501\*2.790.07120.350.70810.490.61740.080.9187\** P *\< 0.05Fig. 3Effects of earthworms (*A. caliginosa*,*E*) and nematode infestation \[*P. penetrans* (*Nm*) and *M. incognita* (*Ns*)\] on concentrations of total glucosinolates in leaves of *S. alba* (averaged for young and old leaves);*C* control treatment. Means + SE; *N* = 9

Nematode infestation significantly affected glucosinolate concentrations, with the impact differing between the different glucosinolates and depending on leaf age (Table [1](#Tab1){ref-type="table"}). In young leaves, *P. penetrans* infestation significantly decreased total and aromatic glucosinolates by 63%. This effect was even more distinct in old leaves, where *P. penetrans* infestation decreased concentrations of total and aromatic glucosinolates by 79 and 81%, respectively (Fig. [4](#Fig4){ref-type="fig"}a). In the presence of earthworms, *P. penetrans* led to a decrease of total glucosinolate concentrations to nearly the same degree (Fig. [3](#Fig3){ref-type="fig"}). Further, due to *P. penetrans* infestation, benzylglucosinolate tended to decrease on average by 63% (*F*~\[2,54\]~ = 2.98; *P* = 0.06) but only young leaves were affected (Fig. [4](#Fig4){ref-type="fig"}c). In old leaves, the presence of *P. penetrans* significantly increased concentrations of the aliphatic glucosinolate, on average by 49% (Fig. [4](#Fig4){ref-type="fig"}b). Concentrations of indolic glucosinolates remained unaffected. *Meloidogyne incognita* infestation led to an increase of total and aromatic glucosinolate concentrations on average by 51 and 54%, respectively, but only if earthworms were also present (Fig. [3](#Fig3){ref-type="fig"}).Fig. 4Effects of nematode infestation \[*P. penetrans* (+Nm) and *M. incognita* (+Ns)\] on concentrations of **a** aromatic glucosinolates, **b** aliphatic glucosinolates, and **c** benzylglucosinolate in young and old leaves of *S. alba*. Significant differences are marked with different letters, *P* \< 0.05; Tukey's honestly significant difference (HSD). Means + SE; *N* = 9

Myrosinase activity {#Sec15}
-------------------

Myrosinase activities were measured only in young leaves. Activity of soluble and insoluble myrosinases combined was not affected significantly by earthworms and nematode infestation. However, the presence of earthworms significantly decreased myrosinase activity by 39% when both fractions were added (total myrosinase activity; *F*~\[1,30\]~ = 4.65; *P* = 0.04; Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Effects of earthworms (*A. caliginosa*,*E*) and nematode infestation \[*P. penetrans* (*Nm*) and *M. incognita* (*Ns*)\] on total myrosinase activity (soluble and insoluble fractions combined) in young leaves of *S. alba*. Tukey's honestly significant difference (HSD); *P* \< 0.05. Means + SE; *N* = 5

Discussion {#Sec16}
==========

This study investigated the sole and interactive impacts of *A. caliginosa*, an endogeic earthworm species, and plant feeding nematodes, *P. penetrans* and *M. incognita*, on growth and induction patterns in leaf tissue of the crucifer *S. alba*. We examined if, in addition to rhizophagous species, decomposer soil animals influence these traits aboveground. The results confirmed this assumption and revealed highly species-specific effects.

In contrast to our expectations, earthworms affected neither root nor shoot growth of the plants. Previous studies indicated that at least one of these parameters, often both, increase in presence of earthworms (Scheu [@CR27]). The less pronounced effect of earthworms on plant morphology as compared to previous studies was likely due to the short duration of the experiment. As we were focussing on the chemical responses of plants, vigorously growing rather than mature plants were harvested. In contrast to earthworms, nematodes significantly decreased shoot biomass; nevertheless, total plant biomass remained unaffected. Wurst et al. ([@CR41]) documented a significant increase in shoot biomass of *Brassica oleracea* when nematodes were present. However, high infestation with parasitic nematodes often reduces the water and nutrient supply of the plant and interferes with plant development (Lambert and Bekal [@CR16]), as was the case in the present study. As predicted, earthworms counteracted the detrimental effect of nematodes. Interestingly, root length was even increased in the combined treatment with earthworms and *P. penetrans*. Potentially, root damage by *P. penetrans* stimulated root regrowth and this was beneficially affected by increased nutrient availability in the presence of earthworms. In fact, the migratory feeding of *P. penetrans* and the high root infestation by this species likely resulted in more pronounced damage than by the sedentary and less abundant *M. incognita*. Increased biomass of *A. caliginosa* in the presence of *P. penetrans* also indicates that *P. penetrans* increased the availability of resources for earthworms, most likely in the form of dead and decaying roots.

Although earthworms did not affect plant biomass, they increased nitrogen concentration and the amount of nitrogen in roots, proving that they enhanced nitrogen availability to plants. Effects of nitrogen fertilisation on glucosinolates have been shown to vary in Brassicaceae, from no effects on glucosinolate concentration (Hwang et al. [@CR11]) to substantial increases (Mert-Turk et al. [@CR20]). However, the glucosinolate concentration of individual compounds is also finely tuned by the availability of other compounds like sulphur (Kopsell et al. [@CR15]). Thus, nitrogen levels and nitrogen-based defence compounds do not necessarily correlate. Earthworms significantly affected glucosinolate concentrations in *S. alba*, confirming earlier findings with another Brassicaceae, *Brassica oleracea*, that earthworms can influence plant secondary metabolites aboveground (Wurst et al. [@CR41]). In both studies, earthworms reduced aliphatic glucosinolates and increased concentrations of aromatic glucosinolates significantly. The results demonstrate that earthworms differentially affect glucosinolates and that these effects cannot simply be explained just by increases in the amount of nitrogen needed for glucosinolate biosynthesis.

Nematodes also influenced the aboveground concentrations of glucosinolates in *S. alba*. Like earthworms, they affected the various glucosinolate classes differently. Further, the effect varied with nematode species. Concentrations of glucosinolates decreased specifically, when plants were infested with the migratory nematode *P. penetrans*, whereas the effect of the sedentary nematode *M. incognita* on the glucosinolate content was less pronounced. Similarly, a reduction of glucosinolate levels in shoots due to infestation with *P. penetrans* was also found in *B. nigra* (van Dam et al. [@CR34]). In *S. alba*, induction by nematodes was more pronounced in young leaves, which have also constitutively much higher levels of glucosinolates. Interestingly, and conforming to our hypothesis, the effects of nematodes on glucosinolate concentrations were altered by earthworms. However, contrary to their effect on nematode-mediated changes in plant growth, which was restricted to *P. penetrans*, earthworms modified the impact of *M. incognita* on total and aromatic glucosinolates. The results suggest that earthworms in general modulate plant defences, presumably by altering plant nutrition.

Indolic glucosinolates in leaves were the only measured trait that remained unaffected by both nematodes and earthworms. After aboveground herbivory by leaf chewers, indole glucosinolate concentrations increased in *S. alba* var. Salvo only locally (Martin and Müller [@CR18]), but in the cultivar Silenda, 4-methoxy-indol-3-ylmethyl glucosinolate was also induced systemically in younger leaves (Travers-Martin and Müller [@CR30]). However, systemic signals might depend on the distance between the damaged and measured tissues, on the duration of challenge, as well as on the particular inducing species. It remains to be shown if earthworms and nematodes also impact on local concentrations of the various glucosinolates in root tissue.

The results of the myrosinase analyses were unexpected. Whereas the presence of earthworms led to an increase of the main glucosinolate compounds in *S. alba*, total myrosinase activity was reduced by almost 40% compared to the control plants. Nematode infestation had no influence on myrosinase activities in leaves. Martin and Müller ([@CR18]) reported that feeding by a specialist leaf herbivore increased both levels of glucosinolates and myrosinase activity. In contrast, feeding by a generalist herbivore led only to an increase in glucosinolates while myrosinase activities remaining unchanged (Travers-Martin and Müller [@CR30]). These results demonstrate that responses of the substrate and the enzyme are largely uncoupled.

The ecological consequences of increased glucosinolate and myrosinase levels in aboveground tissue on herbivores can be rather diverse. Specialist and generalist herbivores have been shown to respond differently in their acceptance behaviour and performance, with generalists for example feeding less on high glucosinolate lines, whereas specialists were more affected by high myrosinase levels (Li et al. [@CR17]). Effects of earlier induction on subsequent herbivores are highly species-specific on all levels, the inducing organism, the plant species and the responding subsequent herbivore species. They range from negative effects on the performance of both specialist and generalists after previous herbivore induction (e.g. Poelman et al. [@CR23]), to no effects on subsequent attackers (Travers-Martin and Müller [@CR30]; Viswanathan et al. [@CR36]) or even positive effects on specialists (Hopkins et al. [@CR10]). More research is needed to disentangle the consequences of belowground induced responses in *S. alba* on the behaviour and performance of aboveground herbivore species.

Induction of plant defence compounds so far has been studied predominantly considering aboveground pathogens and herbivores as inducing agents. The results of this study support earlier findings (van Dam et al. [@CR34]; Wurst et al. [@CR41]) that by directly interacting with plants, root-feeding nematodes alter plant defence chemistry in the shoot, but the study also documents that the effect of nematodes varies with nematode species of different functional groups. Further, our results suggest that the effect of soil animals on plant defence is not restricted to root herbivores. Rather, secondary metabolite production as well as enzyme activities are also affected by decomposer animals in the rhizosphere, such as earthworms, thereby changing plant quality and nutrition. Interestingly, the two soil animal groups studied interacted and modulated the individual effects on plant defence. Modulation of nematode-mediated changes in plant defence likely was due to earthworms changing plant nutrition. The underlying mechanisms remain largely unknown but the results suggest a fine-tuned cross-talk between different signaling pathways. Overall, the results indicate that if we are to understand modifications of aboveground processes by belowground biota, interactions of rhizosphere biota and their feedbacks to plants, decomposers need much closer attention.
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[^1]: Communicated by Julia Koricheva.
